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ABSTRACT
With the observations of S DO/AIA 304 Å and NVST Hα bands, we present the
formation process of an active-region filament in active region NOAA 11903 during
the period from 02:00 UT to 10:00 UT on November 25, 2013. A series of jets occurring
in the vicinity of the south-western footpoint of the filament directly ejected cool and
hot plasma to filament height and supplied material for the filament. Some newly
emerging flux is found in the vicinity of the filament south-western footpoint during
these jets. In this paper, we mainly focus on the material supply of the filament. The
plasma mass uploaded by the jets and the mass of the filament are estimated, which
manifests the fact that the mass carried by jets can supply sufficient material for the
formation of the filament. We found two types of jets. one is Hα jet, and the other is
EUV jet. The significant finding is that some cool jets seen in the Hα band but not in
the SDO/AIA bands also could eject the cool material for the filament. These results
suggest that cool plasma in the low atmosphere can be directly injected into the upper
atmosphere and become the filament material by two types of jets. Moreover, the newly
emerging flux with non-potential field plays an important role in the appearances of
the jets and the magnetic structure of the filament.
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1 INTRODUCTION
Intriguing structures in the solar atmosphere, solar filaments
are sheets of relatively cool and dense material structures
suspended in the surrounding hot corona. They are bright
cloud-like structures when observed beyond the solar limb
called prominences and appear as dark filamentary objects
when seen against the solar disk called filaments. Filaments
are primarily found in the solar quiet region (quiescent fil-
ament), between active regions or surrounding them (inter-
mediate filaments) and inside active regions (active-region
filament) (Mackay et al. 2010). Generally, active-region fila-
ments are shorter, smaller, lower in height, and have shorter
lifetimes than quiescent and intermediate filaments. Never-
theless, active-region filaments are more unstable and more
likely to erupt (Parenti 2014). As the filaments lose the equi-
librium, they would erupt and eject the material into the
⋆ E-mail: wangjincheng@ynao.ac.cn
high corona. Filament eruptions are often accompanied with
other solar activities (such as solar flares, coronal mass ejec-
tions (CMEs), coronal jets, surges, and so on) (Jing et al.
2004).
Recently, understanding of solar filaments is one of
the hot topics in solar physics, which includes their distri-
bution, magnetic structure, formation, and eruption. Fila-
ments always lie above the magnetic polarity inversion lines
(PILs) separating opposite polarities of the photospheric
magnetic field, which are considered to support by the lo-
cal magnetic fields (e.g. magnetic dips or twisted structures)
against the gravity (Babcock & Babcock 1955; Martin 1998;
Cheng et al. 2014a). Unfortunately, due to the limitation
of magnetic field measurements at present, it is difficult
to measure directly the local magnetic fields in the fila-
ment. Therefore, the magnetic structures of filaments are
still under controversy. There are two popular views on the
magnetic topologies of filaments. One view is the shear-
arched model (Kippenhahn & Schlu¨ter 1957; Amari et al.
1991; Antiochos et al. 1994; Welsch et al. 2005) and the
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other is the flux rope model (Kuperus & Raadu 1974;
De´moulin & Priest 1989; Yang et al. 2014; Yan et al. 2015;
Cheng et al. 2017). Using two-dimensional magnetohydro-
dynamic (MHD) numerical simulations, Chen & Shibata
(2000) proposed reconnection-favored emerging flux could
cancel with the magnetic field below the flux rope or the
magnetic field on the outer edge of the channel and led to
the eruption of the flux rope. Torus instability and Kink in-
stability are also proposed to be the triggers for the eruption
of the filaments (To¨ro¨k & Kliem 2003; Kliem & To¨ro¨k 2006;
Jiang et al. 2013; Yan et al. 2014; Li et al. 2016).
Formation of the filaments, which consists of the forma-
tion of magnetic structures and the mass supply, is still con-
troversial. Regarding of the first term (formation of the fila-
ment magnetic structures), many researchers have suggested
two different mechanisms to form magnetic structures of
filaments: surface effect (van Ballegooijen & Martens 1989;
Martens & Zwaan 2001; Yan et al. 2015, 2016; Wang et al.
2017; Xue et al. 2017; Chen et al. 2018) and subsurface
effect (Rust & Kumar 1994; Okamoto et al. 2008, 2009;
MacTaggart & Hood 2010; Lites 2009; Lites et al. 2010;
Yan et al. 2017). In the former, the magnetic structures of
filaments are formed gradually through the magnetic re-
connection driven by various photospheric motions (such
as sheared flow, converging flow, and rotating motion). In
the latter, the magnetic structures of filaments are thought
to be formed in the solar interior and emerge into the at-
mosphere through magnetic buoyancy. Although both views
can explain some observational characteristics, the compli-
cated processes of magnetic structures of filament formation
are still not fully understood.
Mechanism of the filament mass supply is another
issue for understanding the formation of the filament.
It is believed that the materials of filaments originate
from low atmosphere (such as from solar chromosphere)
(Pikel’Ner 1971; Zirker et al. 1994; Song et al. 2017), which
are transported to solar corona either through magnetic
forces or thermal pressure forces. Based on observational
characteristics and numerical simulations, three popular
models have been proposed: injection model (Wang 1999;
Liu et al. 2005; Chae 2003; Wang et al. 2018), levita-
tion model (Rust & Kumar 1994; Galsgaard & Longbottom
1999; Kuckein et al. 2012), and evaporation-condensation
model (Antiochos & Klimchuk 1991; Karpen et al. 2005;
Xia et al. 2011, 2012; Liu et al. 2012). In the injection
model, cool plasma in the low atmosphere is forced upward
in the filament through sufficient force in the magnetic re-
connection. Using the UV and EUV data from Transition
Region and Coronal Explorer (TRACE ), Chae (2003) re-
ported that a series of jets and two eruptions events could
supply the mass necessary for the formation of a reverse
S-shaped filament in active region NOAA 8668. Zou et al.
(2016) also found that cool material could be injected into
the filament spine with a speed of 5-10 km/s and magnetic
reconnection played an important role in these transport
processes. In the levitation model, cool plasma is lifted by
rising magnetic fields at the PIL, which resides in the upward
concavities of the helical field (magnetic dips structure). In
the evaporation-condensation model, chromospheric plasma
is evaporated and flow up driven by heating localized nearby
the footpoint, which ultimately condenses in the corona as
cool prominence mass. Due to the limitation of the observa-
tion, it is still controversial on these three models. In other
words, poor observational evidence makes it difficult for us
to understand fully the mechanism of filament mass supply.
In order to understand the formation of the filament,
we study the formation process of an active region filament
in NOAA 11903 observed by Solar Dynamics Observatory
and New Vacuum Solar Telescope during the period from
02:00 to 10:00 on November 25, 2013. We mainly investigate
the material injection process of the filament. The sections
of this paper are organized as follows: the observations and
methods are described in Section 2, the results are presented
in the Section 3, and the main conclusion and discussion are
given in Section 4.
2 OBSERVATIONS AND METHODS
2.1 Observations
The data set are primarily from New Vacuum Solar Tele-
scope1 (NVST; Liu et al. 2014) and Solar Dynamics Obser-
vatory2 (SDO ; Pesnell et al. 2012). The NVST is a vacuum
solar telescope with a 985 mm clear aperture, located at Fux-
ian Lake, in Yunnan Province, China. It is mainly composed
of four instrumentation systems: the adaptive optics system,
the polarization analyzer, the imaging system, and the spec-
trometers. The imaging system has three high-resolution
imaging channels for monitoring the photosphere and chro-
mosphere, which include two channels for photosphere in
TiO (7058 A˚) and G-band (4300 A˚) and one channel for
chromosphere in Hα (6562.8 A˚) band. The high-resolution
Hα images are utilized to study the filament formation pro-
cess in this paper, and their cadence and spatial resolu-
tion are 12 s and 0.′′163 per pixel, respectively. The Atmo-
spheric Imaging Assembly (Lemen et al. 2012) and the He-
lioseismic and Magnetic Imager (HMI; Scherrer et al. 2012;
Schou et al. 2012) on board the SDO provide full-disk, mul-
tiwavelength, high spatio-temporal resolution observations
for this study. The SDO/AIA provides seven extreme ultra-
violet and three ultraviolet-to-visible channel images with a
spatial resolution of 0.′′6 per pixel and a minimum cadence
of 12 s, while the SDO/HMI provides line-of-sight magnetic
fields, continuum intensity, Doppler shift, and vector magne-
tograms (VMs) on the photosphere with a spatial resolution
of 0.′′5 per pixel, with the cadences of the three former chan-
nels being about 45 s and that of the latter one being about
12 minutes.
2.2 Methods
We calculate the negative magnetic flux and the change rate
of magnetic flux as in the flowing equations:
φ =
∫
BzndA, (1)
and
r =
d|φ|
dt
, (2)
1 http://fso.ynao.ac.cn
2 https://sdo.gsfc.nasa.gov
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in which Bzn denotes the negative magnetic field, A is the
integrative areas and t is the time.
According to the Ampere’s law, the current density can
be derived by follow equation:
J =
1
µ0
(▽ ×B), (3)
in which µ0 is the magnetic permeability of vacuum and B
is the magnetic field vector. Therefore, the vertical current
density perpendicular to the solar surface, can be calculated
by using the S DO/HMI VMs data. Based on the equation:
jz =
1
µ0
(▽ ×B)z =
1
µ0
(
∂By
∂x
−
∂Bx
∂y
), (4)
where Bx and By are the two perpendicular components
of the transverse magnetic fields. With the data from
S DO/HMI VMs, the distribution of jz on the solar surface
can be obtained every 12 minutes. Therefore, the vertical
current can be integrated by the vertical current density in
the interesting regions.
Magnetic helicity and magnetic energy can be trans-
ported from the solar interior to the corona by the new
emergence flux and the various motions of magnetic flux on
the photosphere. The injection rate of the magnetic helic-
ity across a surface S is expressed by (Berger & Field 1984;
De´moulin & Berger 2003; Pariat et al. 2005):
H˙ = 2
∫
S
(Ap ·Bt)V⊥ndS − 2
∫
s
(Ap ·V⊥t)BndS , (5)
where Ap is the vector potential of the potential field Bp, Bt
and Bn denote the tangential and normal magnetic fields,
V⊥t and V⊥n are the tangential and normal components
of the velocity perpendicular to the magnetic field lines,
respectively. We derive the vector velocity field by using
the Differential Affine Velocity Estimator for Vector Mag-
netograms (DAVE4VM) method (Schuck 2008). The first
term contributed by the emerging flux tubes is named emer-
gence term, and the second term generated by the shear-
ing and braiding the field lines by the tangential motions is
named shear term. Similarly, the rate of the magnetic en-
ergy (Poynting vector) can be derived by following equation
(Kusano et al. 2002; Bi et al. 2018):
E˙ =
1
4π
∫
s
B2t V⊥ndS −
1
4π
∫
s
(Bt ·V⊥t)BndS . (6)
In the same way, the first term of the equation is named
emergence term, which is associated with the emergence of
twisted magnetic tubes from the solar interior. The second
term of the equation is named shear term, which is generated
by shearing magnetic field lines due to tangential motions
on the surface. Accumulative helicity and energy can be de-
rived by the integration of the helicity injection rate and
energy injection rate with the time, respectively. To reduce
the noise influence from the measurement, we only consider
the field with a transverse component stronger than 150 G.
We use these non-potential physical parameters to investi-
gate the newly emerging flux related to the mass supply of
the filament.
Figure 1. Formation process of the filament. (a)-(b) Hα images
observed by NVST at different moments. (c) The line-of-sight
magnetic fields from S DO/HMI. White patches denote the mag-
netic field with positive polarity, while black ones denote the mag-
netic field with negative polarity. (d)-(f) The corresponding 304
Å images observed by S DO/AIA.
3 RESULTS
3.1 Formation process of the active-region
filament
A filament formed gradually in active region NOAA 11903
during the period from 02:00 UT to 10:00 UT. Active re-
gion NOAA 11903 located at the southwestern hemisphere
(e.g., (460′′, -220′′)) comprises a positive dominant sunspot
and some discrete negative magnetic fields on November
25, 2013. The formation position of the filament was close
to the dominant sunspot (see Fig.1). The panels (a) and
(b) of Fig.1 show the formation process in Hα observations
from NVST. At 02:20:51 UT, the filament was absent in
the field of view. At 08:46:43 UT, two filamentary struc-
tures had formed, which were marked by two blue arrows.
Panel (c) of Fig.1 shows the line-of-sight (LOS) magnetic
field from S DO/HMI at 09:49:30 UT, which manifests that
the south-western footpiont of the filament roots in the pos-
itive magnetic field and the north-eastern footpoint roots in
the negative magnetic field. Panels (d)-(f) of the Fig.1 ex-
hibit the formation process of the filament in 304 Å images
observed by S DO/AIA. At 09:50:09 UT, a filament could
be seen in the place marked by the blue arrow in the panel
(f) of Fig.1. The detailed evolutionary formation process of
this filament is shown by the animation of Fig.1. According
to the animation, we find that a series of jets driven the
cool plasma or chromospheric material to filament height.
Unidirectional material motions driven by the jets besides
the south-western footpoint of the filament were found and
then the filament generally appeared. It should be noted that
some of this plasma could remain at the filament height and
contribute to the mass of the filament, while some of this
plasma could instead fall down to the chromosphere.
Fig.2 shows numerous cool plasma ejected into the fila-
ment height by a series of jets. Panels (a1)-(a4) and (b1)-(b4)
exhibit formation process of the filament in Hα images. A se-
ries of jets occurred in the vicinity of the south-western foot-
point of the filament. Accompanying the appearance of these
jets, the cool plasma was lifted into the filament height and
some of them became the filament material. Two filamentary
MNRAS 000, 1–?? (2019)
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structures could be identified in panels (b1)-(b4), which are
marked by the black arrow and the blue one. The plasma in-
jected by the jets went along the magnetic field lines in the
filamentary structure marked by the blue arrow and then
fall down to anther footpoint, while the plasma could re-
main in the filament structure marked by the black arrow.
Eventually, the filamentary structure marked by the black
arrow became the maturing filament (see the panel (f) of the
Fig.1). An intriguing feature is that the twisted structure
can be distinguished in one filamentary structure marked
by the black arrow (see panels (a4), (b1)-(b3)). The twisted
structure is marked by the back arrow in the panel (a4).
However, the other filamentary structure does not exhibit
any twisted structures. This means twisted magnetic fields
exist in the filamentary structure marked by the black ar-
row and the other filamentary structure lacks of the twisted
magnetic field. This also can explain why the lifted plasma
could not remain in the filamentary structure marked by
the blue arrow, which is due to the lack of twisted struc-
ture or dips structure in that located magnetic field. Panels
(c1)-(c4) and (d1)-(d4) show the corresponding images of
the line-of-sight magnetic fields. White patches denote the
magnetic field with positive polarity, while black ones denote
the magnetic field with negative polarity. The adjacent main
sunspot was the positive magnetic field. Based on these pan-
els, one can see that the emergence of some magnetic fluxes
occurred in the vicinity of the filament marked by the yellow
box in the panel (d1) of Fig.2. Therefore, we suspect that
there is a close relationship between the jets and the flux
emergence. More and more observational evidences and nu-
merical simulations manifest that the jets can be triggered
by the magnetic reconnection between the emerging flux and
the pre-existing magnetic flux (Yokoyama & Shibata 1995;
Shimojo et al. 1998; Cheung & Isobe 2014; Li et al. 2017).
3.2 The jets and material supply for the filament
The cool material began to be lifted by a small jet (Hα
jet) to filament height at about 05:09 UT. Fig.3 (a) and (b)
show this material injection event in Hα images observed
by the NVST. At 05:09:34 UT, we find a brightening oc-
curred in the vicinity of the south-western footpoint of the
filament marked by the blue arrow in the panel (a), and
the material began to be injected from the chromosphere to
higher atmosphere. The panel (b) shows that the cool plasma
was directly injected into the filament and the intensity in
the vicinity of the south-western footpoint had a slight en-
hancement. Fig.3 (c) and (d) show the corresponding 304
Å images observed by S DO/AIA instrument. It is difficult
to distinguish any brightenings in the corresponding place
where the brightening was found in Hα band. This mean
that this jet is Hα jet instead of EUV jet. It is most likely to
be caused by the different responding temperature between
AIA 304 Å band images and Hα band images in the region
with abundant plasma. In order to understand the prop-
erty of the injected cool plasma, we make a time-distance
diagram to estimate the velocity of the ejected cool plasma
along the white dotted lines in the panels (a) and (b). Panel
(e) shows the time-distance diagram derived by a series of
the images from the NVST Hα. From this time-distance di-
agram, we distinguish four inclined lines. Based on their in-
clinations, we derive the projection velocities along the four
Figure 2. The material injection process of the filament and the
evolution of photospheric magnetic fields. (a1)-(a4) and (b1)-(b2)
Hα images at different moments observed by NVST. The black
arrow and the blue one indicate two filamentary structures in the
panel (b1), respectively. (c1)-(c4) and (d1)-(d4) The correspond-
ing line-of-sight field from S DO/HMI. The yellow box in the panel
(d1) and the gray box in the panel (b1) show the same region for
calculating negative flux and intensities of S DO/AIA seven bands.
dotted white lines, which are about 27.4 km/s, 37.8 km/s,
33.4 km/s, and 35.1 km/s, respectively. The mean projection
velocity is about 33.4 km/s.
Fig.4 exhibits another material injection event during
the period from about 05:51 UT to 06:35 UT. Panels (a) and
(b) show this material injection event in Hα images observed
by the NVST at 05:59:00 UT and 06:11:19 UT, respectively.
We also find some brightenings in the vicinity of the filament
south-western footpoint, which are marked by the blue ar-
rows. However, we also can not distinguish any brightenings
at the corresponding places in S DO/AIA 304 Å images in
panels (c) and (d). This jet is also associated with Hα jet
instead of EUV jet. This means the cool plasma were ejected
by the jet and injected into the filament, which is similar to
the previous event. We also make a time-distance diagram
to estimate the velocity of the ejected cool plasma along the
white dotted lines in the panels (a) and (b). Panel (e) shows
the time-distance diagram derived by a series of the images
observed by the NVST Hα band from 05:51 UT to 06:35 UT.
According to this time-distance diagram, the projection ve-
locities along the two dotted white lines are about 22.1 km/s
and 24.1 km/s, respectively. The mean projection velocity is
about 23.1 km/s.
In order to investigate these jets related to the mate-
rial injection of the filament, we calculate the intensities of
the S DO/AIA seven bands (94 Å, 131 Å, 171 Å, 193 Å, 211
Å, 304 Å, 335 Å) integrated in the yellow box in the panel
(d1) of Fig.2. In addition, we also calculate the negative
flux in the yellow box in the panel (d1) of Fig.2, which is
due to the complexity of the positive magnetic field nearby
MNRAS 000, 1–?? (2019)
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Figure 3. The material injection event observed by the NVST.
(a)-(b) Hα images observed by NVST at 05:09:34 UT and 05:17:38
UT. The blue arrow in the panel (a) indicates the brightening
in Hα, while the white dotted lines indicate the same path for
the time-distance diagrams in pane (e). (c)-(d) S DO/AIA 304 Å
images at corresponding time. (e) The time-distance diagrams
derived from a series of Hα images from 05:02 UT to 05:56 UT.
the south-western footpoint of the filament. Fig.5 (a) shows
the time variations of negative flux and its increasing rate
(d|φ|/dt) during the period from 02:00 UT to 10:00 UT on
November 25, 2013. The first vertical red dashed line in-
dicates the onset of the material injection derived by the
NVST, which is about at 05:09 UT on November 25. The
negative flux enhanced gradually about from - 0.2 × 1021 Mx
to - 5.5 × 1021 Mx during the period about from 05:00 UT
to 07:45 UT, and the mean rate of enhancement is about 4.3
× 1017 Mx s−1. This means the new flux emerged from the
subsurface in the vicinity of the south-western footpoint of
the filament during the period from 05:00 UT to 07:45 UT.
During the period from 07:45 UT to 10:00 UT, the nega-
tive flux decreased gradually from - 5.5 × 1021 Mx to - 3.5
× 1021 Mx, and the mean rate of decrease is about 2.4 ×
1017 Mx s−1. The front four jets occurred in the phase of
the flux enhancement, while the latter three jets occurred
in the phase of flux decrease. On the other hand, two Hα
jets occurred in the lower magnitude of the magnetic flux,
while the EUV jets occurred in the higher magnitude of the
magnetic flux. This manifests that the Hα jets were caused
by the weak emerging flux and the EUV jets were caused
by the strong emerging flux and the type of the jets is as-
Figure 4. The material injection event observed by the NVST.
(a)-(b) Hα images observed by NVST at 05:59:00 UT and 06:11:19
UT. The blue arrows in the panel (a) & (b) indicate the bright-
enings in Hα, while the white dotted lines indicate the same path
for the time-distance diagram in pane (e). The blue dashed line
in panel (b) denotes the position of the time-distance diagram in
panel (c) of Fig.5. (c)-(d) S DO/AIA 304 Å images at correspond-
ing time. (e) The time-distance diagrams derived from a series of
Hα images from 05:51 UT to 06:28 UT.
sociated with the strength of the emerging flux. The blue
line in the panel (a) indicates the increasing rate of the neg-
ative flux as the function of the time. One Hα jet and two
EUV jets had positive flux rate. Another Hα jet and a EUV
jet had negative flux rate. Two jets almost occurred at the
around zero increasing rate. Fig.5 (b) shows the time pro-
files of normalized intensity in different bands of S DO/AIA.
The normalized intensity is defined as that the maximum of
intensity divided by intensity in each band. We can unam-
biguously distinguish several intensity enhancements during
the period of the flux emergence, which are more sensitive
in 304 Å, 131 Å and 171 Å marked by the vertical red arrows
and the later four blue vertical dashed lines. In other words,
several EUV jets also appeared in the vicinity of the filament
south-western footpoint during period of the flux emergence.
The characteristic emission temperature of the AIA-304 Å
band and the one of AIA-171 Å band are around 104.7 K
and 105.8 K. However, the emission contribution of AIA-131
Å band are from two ions, which is Fe VIII around at 105.6
K and Fe XX around at 107.0 K. In non-flaring conditions,
emission from the very hot Fe XX ion is usually negligible
MNRAS 000, 1–?? (2019)
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Figure 5. Time profiles of different parameters in the yellow box
in the panel (d1) of Fig.2. (a) Evolutions of negative flux and
flux rate. (b) The variations of S DO/AIA intensities in different
bands. The red vertical dashed lines denote the onset of the first
material injection event and the other material injection observed
by the NVST at 05:09 UT and 05:59 UT, respectively. The blue
vertical dashed-dotted lines indicate the time of EUV jets
(Mart´ınez-Sykora et al. 2011). Moreover, the characteristic
emission temperatures of other EUV bands are higher than
106.0 K. This means that these EUV jets are more sensitive
in lower emission temperature. It should be noted that all
the intensities of S DO/AIA bands did not enhance during
the jets recorded by the NVST at 05:09 UT and 05:59 UT.
These two jets are indicated by two red vertical dash lines in
the Fig.5 (b). Moreover, these two jets can be considered as
Hα jets which only see in the Hα band. On the other hand,
the new emerging flux had been occurred before the onset
of Hα jets (see Fig.5 (a) and (b)), which begin to emerge at
around 04:58 UT. Therefore, it is reasonable suspected that
these new emerging flux result in the occurrences of these
Hα jets or EUV jets. The new emerging flux could reconnect
with the pre-existing magnetic field, which maybe cause the
occurrences of these jets. However, some Hα jets could not
be detected by the S DO/AIA instrument, which may be due
to the low temperature of the Hα jets and could not enhance
the intensities of S DO/AIA band lines. Nevertheless, these
cool Hα jets also could lift the cool plasma into the filament
height, and supply the material for the filament formation.
In order to estimate the mass of the cool plasma driven
by the jets, we assume the cross-section of the jets is circu-
lar. The quantity of injection mass can be calculated by the
following equation:
M j =
∫
mHnH
w2(t)π
4
v(t)dt, (7)
where mH is the mass of the hydrogen atom, nH is the to-
tal hydrogen number density, w(t) is the width of the cross-
section of the jet, v(t) is the speed of the cool plasma. Consid-
ering that the cool plasma come from the lower atmosphere,
it is reasonable to assume that the density of the cool plasma
driven by the jets is similar to that of the chromosphere.
Thus, the total hydrogen number density nH is about 3.26 ×
1010 cm−3. The mass of the hydrogen atom mH is about 1.67
× 10−24 g. From the above diagnosis, the speed of the cool
plasma (v(t)) was estimated as about 20-30 km/s. In order
to derive the width cross-section of the jets (w(t)), we make
a time-distance diagram along the blue dashed line in the
panel (b) of Fig.4. To allow for uncertainty in the definition
of the boundary between the jet and the filament, the blue
dashed line was placed nearby the footpoints of the jets.
This avoids the effect of the main filament as much as pos-
sible. According to the animation of Fig.1, the cool material
went across this place continuously during the period about
from 05:10 UT to 08:54 UT and then the filament appeared.
On the other hand, the jet was wider than the filament, so
the jet’s width would embody the filament. Therefore, the
uncertainty in the definition of the boundary between the
jet and the filament had only little effect on the estimate
of the cross-sectional width of the jets. Fig.6 exhibits the
time-distance diagram derived by a series of Hα images ob-
served by the NVST during the period from 04:48 UT to
09:00 UT. Panels (a)&(b) show the variations of intensities
along the slice path, respectively. Using the different inten-
sities along the slice and the maximum of the variation rate
nearby the jets’ position, we can approximately identify the
two boundaries of the jet plasma to derive the width of the
cross-section. For the complex profiles of the slice’s inten-
sity, it need manually identify the boundary. We obtain the
w(t) is around 2.75 Mm at 06:07:53 UT, while the w(t) is
around 4.01 Mm at 07:30:38 UT. Therefore, based on the
time-distance diagram, the w(t) at different moments can be
derived by using the same method. According to the Eq.7
and above parameters of the jets, the total mass (M j) of the
cool plasma carried by jets is estimated to be in the range
(9.3-14.0) × 1013 g. On the other hand, the filament is as-
sumed as a circular slab. The mass of the filament M f also
can be estimated by following equation:
M f = nHmH
w2
f
π
4
L f , (8)
where nH is the total hydrogen density of the filament, w f is
the width of the filament, L f is the length of the filament.
From Fig.1, we obtain the filament width (w f ) is about 2.0
Mm and the filament length (L f ) is about 23.7 Mm. The
total hydrogen density nH in the filament measured ranges
about from 3× 1010 cm−3 (Stellmacher & Wiehr 1997) to 3×
1011 cm−3 (Hirayama 1986). Based on the values, the total
filament mass (M f ) is estimated to be in the range (0.37-3.7)
× 1013 g. Comparing the M j with M f , the maximum of the
M f is just about 40% of the minimum of the M j. Although
not all the cool plasma ejected by jets would become the
filament material and some of the cool plasma would fall
down to the chromosphere, a conservative estimate of the
mass carried by jets could supply sufficient material for the
filament at least.
3.3 The magnetic properties of the newly
emerging flux
From the Fig.5 (a) and the analyze in the section.3.2, we
find some newly emerging flux presented in vicinity of the
filament south-western footpoint during the formation of the
filament. Previous investigations have shown that many jets
have a close relationship with newly magnetic flux emer-
gence (Shimojo et al. 1998; Raouafi et al. 2016; Hong et al.
2017). Thus, these newly emerging flux may play impor-
tant role in the jets and the magnetic structure of the fil-
ament. In other words, these newly emerging flux may be
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Figure 6. Time-distance diagram along the blue dashed lines in
the panel (b) of Fig.4. (a) Variation of the Hα intensity along the
slice path at 06:07:53 UT. (b) Variation of the Hα intensity along
the slice path at 07:30:38 UT. The vertical dotted lines denote the
boundaries of jet plasma. (c) The time-distance diagram during
the period from 04:48 UT to 09:00 UT. The two vertical black
lines indicate the time-distance diagram positions of panels (a)
and (b), respectively.
a source of supplying mass and energy for the filament. In
order to investigate the properties of newly emerging flux
associated with the formation of the filament, we calculate
the transverse field and vertical current in the photosphere in
the newly flux emergence area. Figs.7 (a1)-(a4) show vector
magnetograms at different moments observed by S DO/HMI.
The background denotes the vertical magnetic field, while
the blue and the red arrows denote the transverse magnetic
field with the positive and negative vertical magnetic field,
respectively. From the first three magnetograms, it is noted
that some newly fluxes emerged in the yellow circle in the
panel (a3), in which the vertical and transverse magnetic
fields enhanced. And then, the newly emerging flux canceled
with the surrounding magnetic field marked by the yellow
arrows in the panels (a1)&(a4). Panel (b) of the Fig.7 shows
the time variation of the mean transverse field strength in
yellow circle during the period from 04:00 UT to 10:00 UT.
The mean transverse field strength rapidly increased from
85 G to 135 G during the period from about 05:00 UT to
07:48 UT. The mean rate of the increasing is about 18.2
G/h. After that, it decreased in two phases. Firstly, it de-
cayed rapidly from 135 G to 112 G during the period from
07:48 UT to 08:36 UT, and the mean rate of decaying is
28.7 G/h. Secondly, it decayed slowly from 112 G to 105
G during the period from 08:36 UT to 10:00 UT, and the
mean rate of decaying is about 5 G/h. With the describing
in the section 2, we can obtain the vertical current in the
yellow circle. The panel (c) exhibits the time profiles of the
positive and the negative vertical current in yellow circle, in
which the positive vertical current is marked by the red solid
line and the negative vertical current is marked by the blue
dashed-dotted line. Both of the positive and negative vertical
Figure 7. (a1)-(a4) Vector magnetograms from S DO/HMI. The
blue arrows denotes the transverse magnetic field sited in the
vertical magnetic fields with positive polarity, while the red ones
denotes the transverse magnetic field sited in the vertical mag-
netic fields with negative polarity. (b) The time variation of mean
transverse field in the yellow circle. (c) The variations of the pos-
itive and negative vertical current. The red solid line denotes the
time profile of the positive current, while the blue dashed-dotted
line denotes the time profile of the negative current. The two red
vertical dashed lines indicate the onset of two Hα jets, while the
blue dashed-dotted lines indicate the moments of EVU jets.
currents display a similar temporal evolution and have rela-
tively equivalent quantity. They had a quickly increase from
7 × 1011 A to 14 × 1011 A during the period from 05:00 UT to
06:36 UT. The mean rate of the increase is 4.7 × 1011 A/h.
During the period from 06:36 UT to 07:36 UT, both of them
kept at a relatively high value and had a slightly turbulent
temporal variations. After that, they decreased gradually to
about 8 × 1011 A. Obviously, two non-potential proxies of
the magnetic field (the transverse field and current) would
also enhanced at the former phase of the flux emergence.
Comparing the EUV jets, the two Hα jets occurred with the
relatively less transverse field and vertical current. This may
be due to the less energies accumulated at the former phase
of the flux emergence. It is too weak to cause the EUV jets’
happening.
With the method described in section 2, we also calcu-
late the magnetic helicity injection rate and magnetic en-
ergy injection rate (Poynting vector) from the solar interior
to atmosphere in the yellow circle in the panel (c) of Fig.7.
We set the accumulative helicity and accumulative energy to
zero at the beginning of investigation. Fig.8 shows the time
variations of helicity injection rate, accumulative helicity, en-
ergy injection rate, accumulative energy in different panels,
respectively. The blue dotted-dashed lines denote the quan-
tities from the shear term, while the red solid lines denotes
the quantities from the emergence term. From the panel (a),
the helicity injection rate from the emergence term (H˙e) is
about zero before the flux emergence and remains positive
injection during the flux emergence, while the helicity injec-
MNRAS 000, 1–?? (2019)
8 Wang et al.
Figure 8. Time variation curves of different physical parameters
across the yellow circle in the panel (a3) of Fig.7. (a) Helicity in-
jection rate. (b) Accumulative helicity. (c) Energy injection rate.
(d) Accumulative energy. The red solid lines denote the quan-
tities from the emergence term, while the blue ones denote the
quantities from the shear term.
tion rate from the shear term (H˙s) is negative at the early
phase and increases to positive after around 07:00 UT. In
general, the value of H˙s is larger than that of H˙e. Most of
the magnetic helicity injection is contributed by the shear
term, which also is demonstrated by panel (b). The accu-
mulated helicity from the shear term (Hs) is up to 13 × 1038
Mx2 at 10:00 UT, while the one from the emergence term
(He) is only 5 × 1038 Mx2. Panel (c) exhibits time profiles
of the energy injection rates from emergence term (E˙e) and
shear term (E˙s). Two term energy rates have positive, which
manifests that the magnetic energy are injected from subsur-
face to atmosphere. Both of energy rates abruptly enhanced
during the flux emergence and had a sharply decrease after
the flux emergence. The value of E˙e is sightly larger than
that of E˙s, which means that the magnetic energy injec-
tion are contributed by both terms. Panel (d) shows the
time variations of the accumulative magnetic energy from
both terms. The magnetic energy from two terms increased
quickly from around 05:30 UT to 07:48 UT and then began
slowly increasing. The total magnetic energy injection could
accumulated up to about 1027 erg. On other hand, combin-
ing the Fig.7, the two Hα jets took place at the moments
with relative lower accumulated energy while the EUV jets
took place at the moments with relative higher accumulated
energy. The newly emerging flux carried the magnetic he-
licity and magnetic energy into the atmosphere nearby the
western footpoint of the filament, which would provide the
energy to carry the mass for the filament and the nonpoten-
tial field (helicity) to rearrange the magnetic structure for
the filament.
4 CONCLUSION AND DISCUSSION
In this paper, we have presented and studied the formation
process of a filament in active region NOAA 11903 in detail
and provide a new view of understanding the material supply
of the solar filament. The complete formation process of the
filament was captured by the NVST and SDO observations,
which gradually formed from nonexistence of filament at the
beginning of the investigation. We mainly investigate the
material injection of the filament and analyzed the newly
emerging flux related to the material injection nearby the
one footpoint of the filament. The main results are as follows.
1. The material of the filament originates from the chro-
mosphere. Thought the influence of the instabilities or solar
activities, the plasma in the chromosphere could be lifted
into the upper atmosphere and some of them become the
filament material.
2. The jets occur in the vicinity of the south-western
footpoint of the filament and the newly emerging flux can
be found in the same place. Thus, the new flux emergence
is responsible for these jets, which were caused by the mag-
netic reconnection between the pre-existing and new emer-
gence magnetic field. The total mass carried by the jets is
about (9.3-14.0) × 1013 g, while the mass of the filament
is estimated to be in the range (0.37-3.7) × 1013 g. Jet is
the sufficient way to upload the cool plasma and supply the
material for the filament.
3. Although some Hα jets (cool jets) could not brighten
the intensity of the SDO/AIA bands due to magnetic recon-
nection with the low temperature or in the low height, but
these cool jets also could lift the cool plasma (T ∼ 104 K) to
filament height and supply the material for the filament. The
velocities of the projection ejected cool plasma range about
from 20-30 km/s by the jets. Cool jet is also an important
way for supplying the material for the filament.
4.The newly emerging flux carried the energy and he-
licity into atmosphere nearby the western footpoint of the
filament. It may play an important role in transporting the
material for filament and building the magnetic structure
for the filament.
5. The Hα jets occurred at the beginning of the magnetic
emergence, while the EUV jets occurred at the latter of the
magnetic emergence with larger accumulated energy.
Furthermore, the twisted structures can be identified
in the one filamentary structure during the material injec-
tion events. This filamentary structure with high twisted
structures eventually evolved as the filament, while the an-
other filamentary structure could not maintain stable as the
ejected plasma falls down the chromosphere. Wang et al.
(2018) also suggested that the ejected plasma is more earlier
to be captured by the high twisted structures magnetic field
and more stable to remain in the filament. In addiction,
previous studies also showed that high twisted structures
could be found in the filament during the activity or erup-
tion of solar filaments (Cheng et al. 2014b; Yang et al. 2014;
Bi et al. 2015; Xue et al. 2016; Jiang et al. 2016). Therefore,
the twisted structures (or magnetic dips) play an important
role in holding the mass for the filament.
It is widely accepted that the material of the fila-
ments or prominences should originate from the low atmo-
sphere (chromosphere) (Pikel’Ner 1971; Zirker et al. 1994;
Liu et al. 2005; Yang et al. 2016; Wang et al. 2018). In this
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paper, we also confirm that the mass of the filament was
extracted from the low atmosphere instead of the corona.
However, the way how the plasma in the low atmosphere
lifts into the filament or filament channel puzzles solar re-
searchers for a long time. Many authors proposed different
models for trying to understand the physical mechanisms in
the transport process of the filament material (Mackay et al.
2010; Karpen 2015). The evaporation-condensation models
and injection models are more popular among of them. Many
numerical simulations manifest that the mass could be con-
densed near the apex when heat the plasma near the foot-
point of the loop (Antiochos et al. 1999; Karpen et al. 2003,
2005; Karpen & Antiochos 2008; Xia et al. 2011; Luna et al.
2012), which are related to thermal instability (Parker 1953;
Field 1965). However, it is hardly to explain the source
of the heating. Furthermore, the only few observation ev-
idences could be captured to supported to the this mod-
els (Berger et al. 2012; Liu et al. 2012). On the other hand,
many observations are more likely to support the injection
models which rely on magnetic reconnection in the low at-
mosphere to propel cool plasma to typical filament height
(Wang 1999; Liu et al. 2005; Zou et al. 2017; Wang et al.
2018). In this paper, we supplied a observational evidence
that the filament material can be supplied by a series of
jets related to the new emerging magnetic field, which again
verify the injection model. The jets directly lifted the cool
plasma in the low atmosphere to the filament height, while
some of the lifted cool plasma could remain in the filament
height and became the mass of the filament. Therefore, jet
is the sufficient way to upload the cool plasma in the chro-
mosphere into the filament. We also find that Hα or cool jets
are also enough strong to carry the material for the filament
formation, not just EUV jets. In our opinion, it may open a
new window for understanding the material supply of the fil-
ament. Because there are many small explosive events in the
lower atmosphere. These small explosive events also would
carry the cool plasma to filament height, not just big explo-
sive events. This means that some filament material could
come from the accumulation of the cool plasma carried by
these small explosive events.
Using the Hα images observed by NVST, we estimate
the the mass (M j) of cool plasma (T ∼ 104 K) carried by
jets and the mass (M f ) of the filament and find that the
jets can supply the sufficient mass for the filament. In the
investigation of Chae (2003), the authors used EUV data
to estimate the mass of EVU-emitting plasma (T ∼ 2-3 ×
105 K) in the jets and eruptions and found the total mass in
the EUV jets and eruption was comparable with the mass of
the filament. And the authors also indicated the existence of
such cool material could be lifted in these jets and eruptions.
In our study, some Hα jets also could lifted the cool plasma
to filament height. This means not all the jets carrying the
material for the filament could enhance the brightening of
EVU bands. In the other hand, hot plasma in the jets of-
ten have higher speed and momentum (Shen et al. 2017).
These hot plasma would be hardly to remain in the fila-
ment. Therefore, we consider that the cool plasma (T ∼ 104
K) directly injected into the filament from the chromosphere
is dominant component of supplying the material for solar
filaments.
In this study, we find that some newly emerging flux
occurred in the vicinity of the south-western footpoint
Figure 9. Cartoon showing the process of magnetic reconnection
between newly emerging flux and pre-exsited magnetic field. The
blue filled ellipses denote the negative magnetic polarities, while
the green filled ellipses denote the positive polarities.
of the filament during the jets. Based on many MHD
simulations of jets, the jets can be caused by the mag-
netic reconnection between an emerging magnetic flux and
the pre-existing magnetic field (Yokoyama & Shibata 1996;
Moreno-Insertis et al. 2008; Moreno-Insertis & Galsgaard
2013; Cheung & Isobe 2014). Therefore, we considered that
this jets are caused by the magnetic reconnection between
the new emerging flux and the pre-existing magnetic field.
According to the observational characteristics, we drawn a
cartoon to demonstrate this process (See Fig.9). The blue
filled ellipses denote the negative magnetic polarities, while
the green filled ellipses denote the positive polarities. Panel
(a) of Fig.9 shows the original magnetic configuration at the
beginning. Some new flux (EF) emerged in the vicinity of
the positive polarity C (Fig.9 (b)). As this newly emerg-
ing flux rose, the new magnetic fields (EF) and the pre-
existing magnetic fields (AC & BC) reconnected with each
other (Fig.9 (c)). The positive polarities D and E merged to-
gether, which became the new positive polarity marked by
symbol D+. And then, two magnetic fields (AD+ and BD+)
were formed, which correspond to the two filamentary struc-
tures what we observed. In the meanwhile, magnetic cancel-
lation was caused by the submergence of post-reconnection
field (FC). It is worth noting that it can not be deduced
how the twist in the filament originated using our observa-
tions. There are three possible ways. One is that the twist
had existed in the pre-existing magnetic field before the flux
emergence. The second possible way is that the twist had
existed in the newly emerging flux and transported to the
filament during the magnetic reconnection. Another possi-
bility, is that the twist formed during the magnetic recon-
nection. It would need more observations and more study to
address this issue.
It is easy to understand that different non-potential pa-
rameters (e.g., transverse field, vertical electric current) are
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increasing during the the magnetic flux emergence. After
all, these parameters are the proxies of the non-potential
magnetic field. On the other hand, Hα jets occurred in the
week emerging flux, and the EUV jets occurred in the strong
emerging flux. Furthermore, the two Hα jets occurred at
the relatively less transverse magnetic field and low vertical
current. This may indicate that the magnetic reconnection
between week emerging flux with less energy and the pre-
existing magnetic field caused the Hα jets. The magnetic re-
connection between strong emerging flux with high energy
and the pre-existing magnetic field caused the EUV jets.
In addition, we derive the accumulated energy carried
by the newly emerging flux is about 1027 erg. We can simply
estimate the energy required for lifting the jets mass from
chromosphere to filament height as following equation: Ej =
Mjg⊙∆h, where the g⊙ is the Sun acceleration of gravity and
the ∆h is the lifting height of the mass. g⊙ is 2.74 × 102 m/s
on the solar surface. And we assume ∆h equal to the typical
height of active region filament from chromosphere about 2
Mm. Thus, the energy required for lifting the jets mass from
chromosphere to filament height (Ej) ranges about (0.51-
0.76) × 1027 erg. Although additional heat and light energy
could also be consumed during the jets, the newly emerging
flux could provide the energy for lifting the mass for the
filament.
On the acceleration mechanisms of cool plasma dur-
ing the jets, previous studies found that magnetic recon-
nection in the lower atmosphere can generation slow mode
wave (Takeuchi & Shibata 2001) and as a slow-mode wave
propagates upward, its amplitude grows due to the den-
sity contrast, eventually steepening into a shock. The in-
teraction of the shock and the transition region between
the chromosphere and the corona can launch the tran-
sition region upward, which is observed as a cool jet
(Shibata et al. 1982; De Pontieu, Erde´lyi, & James 2004;
Heggland, De Pontieu, & Hansteen 2009). Furthermore, us-
ing a two-dimensional magnetohydrodynamic (MHD) sim-
ulation, Takasao et al. (2013) also found that slow-mode
waves produced in magnetic reconnection would play key
roles in the acceleration mechanisms of chromospheric jets
and the chromospheric plasma could be accelerated due to
the combination of the Lorentz force and the whip-like mo-
tion of the magnetic field when magnetic reconnection takes
place in the upper chromosphere. The authors suggested
three types of acceleration mechanisms of cool plasma: shock
acceleration type, shock and whip-like acceleration type, and
whip-like acceleration type (Yokoyama & Shibata 1996) ac-
cording to the hight of the magnetic reconnection site and
found that the magnetic energy released by magnetic recon-
nection is efficiently converted into the kinetic energy of jets
in these process. The further details and realism would need
to be studied using three-dimensional simulations.
Thanks to the high spacial and temporal resolution
observations from the NVST, some low temperature Hα
jets were found. These Hα jets could not brighten in the
S DO/AIA EUV bands, but they also could eject the cool
plasma to the filament height and supply the material for
the filament. This attractive phenomenon impels us to sus-
picions that the mass of all filaments may be related to the
different types of jets. Some jets could be strong enough to
be observed by recent telescopes, while other cool jets (min-
jets) could not be observed due to the low temperature or
low intensity. This extraordinary idea needs more observa-
tion evidences to confirm, which maybe need more higher
spatial and temporal resolution and different layer observa-
tions provided by much bigger aperture telescopes in the
future.
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